ical de-emulsifier [9] . These steps are currently required because straightforward coalescence does not occur due to substances in the fermentation broth. In this complex mixture, a wide range of substances is capable of hindering coalescence [7] , and this problem could become even more prominent when using hydrolysed cellulosic biomass as a feedstock [10] , leading to an even more complex composition of the fermentation broth.
Gravity separation would be a cheaper alternative method to achieve phase separation compared to centrifugation. This method would be feasible when the droplets grow sufficiently in size by coalescence. Additional advantages of gravity separation are that it could be integrated with the fermentation to achieve continuous product removal and that it enables cell recycle, both contributing to lower production costs (Heeres, A. S., Cuellar, M. C., Van der Wielen, L. A. M., Integrating fermentation and separation for advanced biofuel production. 10th European Symposium on Biochemical Engineering Sciences, Lille, France 2014).
The main parameter determining the separation rate in gravity separation, represented by the droplet rise velocity (v d ), is the droplet diameter (d d ), with a quadratic dependency on the phase separation rate, as is shown by Stokes' law for the motion of a single droplet (Eq. 1). Furthermore, the difference in density of the oil droplets (ρ o ) and the continuous aqueous phase (ρ w ), the viscosity (η) and the gravitational constant (g) play a role in the droplet rise velocity: (1) This equation is valid for the rise of a single droplet, but the influence of the parameters extents to more concentrated systems as well. The initial droplet size in the fermentation is dependent on the size of the droplets right after secretion. These small droplets will grow to a steady state droplet size distribution, which is determined by the properties of the dispersion (densities of dispersed and continuous phase, ρ d and ρ c , dispersed phase volume fraction, φ d , interfacial tension, σ) and the conditions in the vessel (volume, V, power input, P). The maximum stable droplet diameter (d max ) for the steady state distribution can be related to the mechanical power input (volumetric power input, e v , in a stirred vessel dependent on impeller diameter D and rotational speed N) according to Eq. (2), which is valid for dilute dispersions [11] : (2) It was found empirically that this maximum diameter can be related to the Sauter mean diameter (d 32 ) by a factor (C 2 ). Many experimental studies were aimed at determining this value and its exact value is dependent on the sys- tem in which the experiment was performed, but reported values are around 0.5 [12] . With this value for C 2 , we can get an estimate of the expected order of magnitude of the droplet size in a large scale fermentation. The power input in a large scale bubble column (column height 10 m) is in the order of 750 W/m 3 [13] , so according to Eq. (2), the steady state Sauter mean diameter would be in the order of 900 μm (σ = 25 mN/m and ρ c = 997 kg/m 3 ). This shows that already during the fermentation the initially small droplets from the secreted product can grow to a large steady state value when coalescence is occurring. Eq. (2) can be further refined for stirred vessels, by incorporating the Weber tank number (We T = ρ c · N 2 D 3 s -1-), and corrected for the viscosity increase due to higher dispersed phase volume fractions with a factor C 3 , leading to Eq. (3) [14] :
The constants in the equations change per system for which they are determined, but the equations show the relation between the physical dispersion properties and process parameters and the resulting Sauter mean diameter.
The growth from the initially small droplets to the steady state distribution is caused by droplet-droplet coalescence. When coalescence rates are lower, the balance between droplet breakup and coalescence results in a smaller steady state droplet diameter and the nett droplet growth rate will be lower as well. In that case, rapid gravity separation will become more difficult because the droplets remain smaller for a longer time.
In this paper we will focus on the effects that substances which might be present in the fermentation mixture can have on coalescence, focusing on the effects of individual components. This knowledge could aid optimization of the fermentation medium and the microorganism, not only aiming at maximal microbial activity, but also taking the product recovery into account in an early stage. When coalescence can be sufficiently promoted during fermentation, low cost gravity separation could be used to make a step towards competitive production of advanced biofuels.
Methods for studying droplet coalescence
The process of coalescence follows three steps: the droplets first collide, which is followed by drainage of the interfacial film, and finally rupture of this film occurs, resulting in merging of two droplets [15] . The rate of collisions, for the first coalescence step, is mainly determined by the flow regime in the dispersion, while molecular interactions play a more important role in the latter two steps. Additional substances present in the dispersion, besides water and oil, can influence these steps as well. Several cases can be distinguished: (i) substances [17] . Therefore, droplet stabilization by the cells is not considered in this paper; instead, we focus on components that are either initially present in the fermentation broth, or are excreted into it. The physics of coalescence are quite well understood, but accurate modelling of this complex process remains difficult, especially when surface active components changing the interfacial tension and rheology are present. Therefore, models describing the coalescence process often rely on an empirical or simplified approach, discerning two factors in the coalescence rate: collision frequency and collision efficiency [18, 19] . The flow regime effects are mainly covered by the collision frequency and the molecular interactions in the collision efficiency. Parameters for these models have to be obtained from experimental data and have an empirical nature, making their application limited. Examples of these are droplet size measurements in stirred vessels. In a stirred vessel, the balance between droplet coalescence and breakup results in a droplet size distribution. By measuring the development of this distribution or an average value derived from it, the overall coalescence behavior of the system can be studied. Droplet size measurements can be performed with offline methods that determine initial and final droplet size distributions [20, 21] . Online methods such as laser reflection and endoscopes provide an alternative, giving continuous information on the droplet size development in the vessel, but especially at high fractions of dispersed phase the analysis of acquired data becomes difficult [22] .
Another approach to obtain online information is to use microfluidic chips, in which flowing dispersions can be studied using optical microscopy [23, 24] . The flow conditions in these chips are better defined than the turbulent conditions in stirred vessels or pipe flows, and they offer the possibility to work with monodisperse emulsions. This makes the chips suitable to study the coalescence frequency of very accurately defined oil droplets [25] .
In this paper, the effects of fermentation broth components on droplet coalescence are studied using experiments in both microfluidic chips and stirred vessels. Using the two methods allows us to relate the results in the chip to coalescence in a system that is more similar to the actual process. The two methods might also allow us to distinguish between the different effects that components could have on the coalescence steps.
Materials and methods

Chemicals
The dispersion consisted of MilliQ water (Millipore, 18.2 MΩ) as a continuous phase and hexadecane (Sigma Aldrich, ReagentPlus 99%) as dispersed phase. Different solutes were selected to represent different types of components that can be present in fermentation mixtures: glucose (Merck, anhydrous for biochemistry) as a typical carbon source in fermentations, potassium chloride (Merck, analytical grade) to simulate the ionic strength in fermentation broth, ethanol (Sigma Aldrich, absolute ≥ 99.8%) as a common by-product of yeast fermentation, mannoproteins (DSM, Claristar ® ) as emulsifying components originating from the yeast cells, and acetic acid (J. T. Baker, glacial 99-100%), vanillin (Sigma Aldrich, ReagentPlus 99%), and 5-hydroxymethylfurfural (HMF, Sigma Aldrich, Kosher ≥ 99%) as components present in hydrolysed cellulosic biomass. The maximum tested concentrations were based on typical values in fermentations: 10 g/L potassium chloride, 100 g/L ethanol, 100 g/L glucose, 1 g/L mannoproteins, 6 g/L HMF, 1 g/L vanillin, and 5 g/L acetic acid [26, 27] , the pH of these solutions was not adjusted to avoid introduction of ionic species that would influence the ionic strength of the solution. Also concentrations that were a factor 10 and 100 lower were tested in the microfluidic chips for each of the components.
Interfacial tension measurements
The interfacial tension between hexadecane and the different aqueous solutions were measured with a drop tensiometer (Tracker-S Tensiometer, Teclis Sarl, France). Using curved needle, a hexadecane droplet (15 μL) was formed in the continuous aqueous phase, so a floating droplet was used instead of a pendant droplet. The balance between the gravitational force acting on a droplet and the interfacial tension determines the shape of the droplet. From the radii of curvature of the pendant droplet, the interfacial tension between the two phases can be calculated using the Young-Laplace equation [28] . To ensure a constant droplet shape, the droplet was formed and left to equilibrate for 10 min before recording the shape, and analysing it by Wdrop software v9.3.3.0 through which the interfacial tension was obtained. Duplicate measurements were performed for all samples.
Microfluidic chip experiments
The microfluidic chips were manufactured by Micronit B. V., The Netherlands. A detailed description of the microfluidic chips is given by Krebs [24] and the layout is shown in Fig. 1 . The chips were mounted in a chip holder (Nanoport, Micronit B. V., The Netherlands) and the inflow and outflow were connected to the syringe pumps (NE 1000, New Era Pump Systems, Inc.) by silica capillary tubing (Grace Alltech, inner diameter 150 μm). The experiments were conducted at room temperature.
At the T-junction, monodisperse droplets with a diameter of about 100 μm were formed at a dispersed phase flow rate (q d ) of 5 μL/min and continuous phase flow (q c ) of 50 μL/min. The droplets were led through the narrow meandering channel before releasing them into the coalescence channel to make sure that the equilibrium interfacial tension for any of the surface active components was reached [24] . When the droplets entered the broader coalescence channel, the ratio of dispersed and continuous phase flow was adapted by inflow of additional continuous phase (Δq, 5 μL/min) to create a flow pattern with sufficient collisions between the droplets, which resulted in an oil fraction of 0.083. With these liquid flow rates, the residence time in the coalescence channel is 0.34 s and the liquid velocity 8.9 cm/s, obtaining laminar flow conditions in the channel (Reynolds number of 22). In the broader coalescence channel, the velocity gradient over the width of the channel causes droplet motion not only in the flow direction of the channel (x-direction in Fig. 1 ) but also motion perpendicular to the channel (y-direction in Fig. 1 ). This results in collisions between droplets and depending on interface stabilization coalescence may occur. Because of the depth of all channels (45 μm), the droplets will be trapped between the top and bottom of the channels adopting a disc-like shape. This makes it possible to convert the increase in droplet area directly to the number of coalescence events. The images for droplet size analysis were acquired at the start and end of the coalescence channel, using a microscope (Axiovert 200 MAT, Carl Zeiss GmbH, 4× magnification) in combination with a high speed camera (Y4-S2, IDT Inc.). The images were recorded in the area shown in Fig. 1 by the red box. Per experiment, 5000 images were acquired, using a frame rate of 30 s -1 and an exposure time of 10 ms.
The image processing was performed with ImageJ, determining the areas of the droplets recorded and converting these to droplet size distributions. For each experiment, 20 000 droplets were used to construct the droplet size distributions at the end of the coalescence channel. From these distributions and the initial droplet size, the number of coalescence events could be determined using Microsoft Excel and scripts written in Visual Basic by a procedure described in an earlier publication by Krebs [29] . A double sided t-test for independent means was performed to determine if there was a statistically significant difference between the reference case (MilliQ/hexadecane) and each other condition, resulting in a p-value for the null hypothesis that the mean values for the reference condition and the tested condition are the same.
Each measurement series of a component was performed using an increasing solute concentration and in duplicate, except the reference experiment: this experiment was performed 11 times. Between the measurement series, the chip was flushed with 1 M sodium hydroxide solution followed by MilliQ water. To ensure cleanness of the chip, a reference measurement with hexadecane/ MilliQ was performed prior to each measurement series. When additional cleaning of the chip was required, it was again flushed with sodium hydroxide solution and MilliQ water, followed by treatment with an oxygen plasma for 10 min (Zepto B Plasma Cleaner, Diener Electronic GmbH).
Stirred vessel experiments
The coalescence measurements at a larger scale were performed in an Applikon 2 L vessel, equipped with two baffles, a heat exchanger (coupled to a thermostat set at 25°C), and a six bladed Rushton turbine (Fig. 2) . The total www.biotechnology-journal.com www.biotecvisions.com Figure 1 . Layout of the microfluidic chip (adapted from [25] ). The dispersed phase entered at q d and the continuous phase entered at q c . The inlet Δq t could be used to dilute or change the flow conditions in the coalescence channel. q t was the outflow. The narrow channels in which the droplets were formed (left) had a width of 100 μm, and the coalescence channel (right) had a width of 250 μm and length of 3.0 cm. All channels had a uniform depth of 45 μm. Two example images are given from the inlet and outlet of the coalescence channel. The colored boxes show the area in which the images were recorded for the droplet size analysis.
liquid volume was 1 L and the hexadecane volume fraction was 0.1. Prior to each experiment, the vessel was thoroughly washed with an anionic detergent (Dubro), followed by thorough rinsing with tap water, deionized water, and MilliQ water. In the experiments, the stirring rate was controlled by an Applikon ADI 1012 motor controller. For the first 30 min, the stirring rate was set to 1200 rpm, after which it was decreased to 400 rpm for 90 min. The stirring rate of 400 rpm was chosen to ensure that the oil remained dispersed even at low stirring rate. The factor three decrease in stirring rate lowered the power input in the stirred vessel by a factor 9, resulting in a regime in which only droplet coalescence occurs right after the step change in the stirring rate [30] . In the actual production process, a similar regime change to a coalescence favoring regime will occur when the liquid goes from well-mixed fermentation conditions to the gravity separation.
During the experiments, images of the droplets were recorded by a SOPAT probe (SOPAT Gmbh) for in situ image acquisition. Every 3 min, a trigger of 30 pictures was recorded for the duration of the experiment. After the experiment, the images were analysed using the image analysis software provided by SOPAT Gmbh [31] . At 1200 rpm, air bubbles were incorporated in the mixture and interfered with the image analysis. These were eliminated by setting a maximum particle size of 200 μm, which was validated by manual removal of the air bubbles. At 400 rpm, no more bubbles were incorporated in the mixture and this was not required (see also Results section).
Results
Effect of fermentation broth components on interfacial tension
Most of the substances did not show any effect on the interfacial tension of the hexadecane/water interface: glucose, potassium chloride, vanillin, and acetic acid left the interfacial tension unchanged. Ethanol is known to influence the surface tension of the air/water interface and also lowered the interfacial tension from 31.4 mN/m to 25.4 mN/m. HMF and mannoproteins showed a similar decrease, respectively to 26.1 and 26.0 mN/m. These results already indicate which components have surface active properties, so from which components an effect on coalescence could be expected.
Coalescence measurements in microfluidic chips
The recorded images from the microfluidic chips gave information about the number of coalescence events that occured during the flow through the coalescence channel. The pure hexadecane/water system was used as a reference and in that system close to 60% of the droplets did not coalesce in the coalescence channel (Fig. 3) . With this number of uncoalesced droplets and the observed variation between experiments, it was expected that differences can be observed with more stable emulsion droplets. The number fractions showed a relatively large standard deviation, especially for the droplets of the initial size (zero coalescence events). For higher numbers of coalescence events this decreased, because of their lower occurrence, dampening out the standard deviation of the fraction averages.
Taking these results as a reference case, we compared them with the results obtained for systems with fermentation mixture components dissolved in the aqueous phase. Since only few droplets underwent three or more coalescence events, only the droplets fractions that had undergone zero to two coalescence events are shown individually in the comparison. The presence of glucose (100 g/L) and potassium chloride (10 g/L) did not result in a significant difference in the droplet size distribution compared to the reference case with MilliQ water and hexadecane (Fig. 4A) , which could be expected based on their effect on the interfacial tension. For the small droplets (zero and one coalescence events), ethanol did not show a significant decrease in the droplet number fraction, but for droplets that had undergone a larger number of coalescence events, there was a significant decrease (for respectively two, three, four, and five coalescence events, p-values of 0.019, 0.027, 0.057, and 0.047 were obtained). So although there was no clear increase in the number of droplets that did not coalesce, the lack of large droplets showed that ethanol did inhibit coalescence.
The substances that could originate from hydrolysed cellulosic biomass and the microorganism had more influence on the coalescence of the oil droplets (Fig. 4B ). HMF (6 g/L) and mannoproteins (1 g/L) clearly inhibited coalescence, at the end of the coalescence channel only droplets of the initial size were detected, so the residence time in the coalescence chamber was not sufficient to lead to merging of droplets. For mannoproteins this was expected, since it is known as a good emulsifier [26] . For HMF, an effect could be expected from its influence on the interfacial tension. From the other two components present in hydrolysed cellulosic biomass, acetic acid showed to enhance coalescence, leading to less droplets with no coalescence event and more droplets with a number of coalescence events of more than two. Acetic acid (5 g/L) showed a significant fraction of droplets with eight coalescence events, respectively 3.5% (p-value 0.003, result not shown). Vanillin did not cause a significant change in coalescence behavior compared to the reference case.
In the experiments performed at lower solute concentrations, only two components showed to change coalescence compared to the hexadecane/MilliQ system. At 0.6 g/L, HMF still decreased the number of coalescence events and 96% of the droplets did not coalesce. Where potassium chloride did not influence coalescence at 10 g/L, at lower concentrations it decreased the number of coalescence events strongly. At 1 g/L and 0.1 g/L, respectively 99.8 and 99.1% of the droplets did not coalesce.
Coalescence measurements in a stirred vessel
A selection of the substances were tested at a larger scale: mannoproteins (1 g/L), glucose (100 g/L), ethanol (100 g/L), and acetic acid (5 g/L), which respectively decreased, unaffected, and enhanced coalescence in the microfluidic chip. From the resulting in-situ droplet size distribution, the Sauter mean diameter was calculated to see the coalescence behavior after a step change in stirring rate at 30 min (Fig. 5) . Only in the experiment with the mannoproteins, the air bubbles present in the dispersion were so small that they did not immediately rise out of the liquid when the stirring rate was lowered, causing the peak in the Sauter mean diameter at 33 min. After about 20 minutes at 400 rpm (t = 50 min), the majority of the gas bubbles had left the liquid and the average gave a true representation of the droplet size.
Looking at the increase of the Sauter mean diameter after the step decrease in the stirring rate, we can see that mannoproteins and ethanol strongly retarded the increase of the Sauter mean diameter compared to the mixture with MilliQ water and hexadecane. For both mannoproteins and ethanol the initial droplet size was smaller than for the other tested components, which was also expected from their effect on the interfacial tension. Eq. (3) predicts a 10.7 and 11.9% decrease in the Sauter mean diameter for respectively the mannoproteins and ethanol due to the reduction in interfacial tension (which was decreased from 31.4 to 26.0 mN/m for the mannoproteins and 25.4 mN/m for the ethanol mixture). However, the initial Sauter mean diameter was reduced stronger: from 150 μm in the reference case to 110 μm in the dispersion with the mannoproteins (26.9% decrease) and to 118 μm in the dispersion with ethanol. The much slower increase of the Sauter mean diameter shows that the coalescence rate was much lower for the two mixtures with ethanol and mannoproteins. In the mixtures with rapid coalescence, the Sauter mean diameter increased with a factor three from one steady state to the other. The same change would be expected for the mixtures with mannoproteins and ethanol and after 1.5 h at the lower stirring rate the Sauter mean diameter was still increasing, so clearly the steady state diameter was not reached within the experiment.
The Sauter mean diameter in the dispersions with glucose and acetic acid showed similar behavior as the reference case, so the coalescence rate was also similar. The interfacial tension was not influenced by glucose and acetic acid, resulting in larger droplets in the dispersion.
Discussion
Comparison of the three experimental methods
Both tested methods allowed us to observe effects of fermentation broth components on coalescence. As expected, interfacial tension measurements provided a suitable initial assessment of the effect on steady state droplet size under operating conditions and showed which components could be expected to influence coalescence. The microfluidic chip and stirred vessel can then be used to quantify the effect of the components on coalescence. The experiments in the microfluidic chips and stirred vessel showed to focus on different aspects of the coalescence process. In the microfluidic chips, the initial droplet size was similar for all components and there was a focus purely on coalescence. In the stirred vessel, the effect of break-up on the droplet size had to be considered as well. Therefore, the stirred vessel was a closer resemblance to the regimes at fermentation conditions, where coalescence and break-up have to be considered both. The flow rates used in the microfluidic chip resulted in a shear rate of about 580 s -1 due to the velocity profile over the coalescence channel [24] . Comparing this to the stirred vessel, the residence time there was orders of magnitude higher (total coalescence time of 1.5 h vs. 0.34 s in the chip) and the average shear rate in the vessel varied from 2030 s -1 to 390 s -1 , at high and low stirring intensity. It must be noted that this is an overall shear rate in the vessel, so locally higher shear rates can occur (near the impeller), resulting in zones with droplet break-up and zones with coalescence. Another difference between the two coalescence experiments is that the microfluidic chips also allowed measuring an enhancement in the coalescence rate, something that could not be detected in the stirred vessel. When the results of the experiments of the interfacial tension measurements, microfluidic chips, and stirred vessel are summarized, the results of the different experiments align well (Table 1) .
The influence of fermentation broth components on coalescence
Looking at the results of the experiments for each of the mixtures, we can see that both the experiments in the microfluidic chips and the stirred vessel showed that some substances from fermentation broth influence the coalescence behavior of oil droplets and others did not show an effect:
• Ions are known to have an influence of the droplet charge by changing the effective charge of the droplets. Depending on the ion concentration, the electrostatic repulsion between the droplets can be induced or shielded. At low concentrations (0.1 and 1 g/L), potassium chloride negatively influenced coalescence due to electrostatic repulsion of the droplets, but at a concentration which resulted in a similar ion-ic strength as fermentation media, the coalescence rate was similar to the pure system. In that case, the ions decreased the electrostatic double layer around the droplets and shielded the electrostatic forces, diminishing electrostatic repulsion between the droplets that would prevent coalescence [32] .
• Glucose and vanillin did not show any surface activity in the interfacial tension measurements, as could be expected from their molecular structure. High concentrations of glucose do cause a slight increase of the aqueous phase viscosity but this increase was insufficient to influence coalescence [33] . The other tested components influenced coalescence: mannoproteins, ethanol, and HMF negatively influenced coalescence, and acetic acid appeared to enhance coalescence.
• HMF at a concentration as found in hydrolysed cellulosic biomass (6 g/L) completely inhibited coalescence of the droplets in the coalescence channel. Although no report is made about the interfacial activity of HMF, the lowering in interfacial tension shows that it has surface active properties, and HMF is capable of stabilizing the droplet interface against coalescence.
• Acetic acid, another component from hydrolysed cellulosic biomass, enhanced coalescence in the microfluidic chips (at 5 g/L). However, when acetic acid was tested in the stirred vessel, no increase in the coalescence rate could be observed and the measured steady state droplets size was similar to that of the reference case, MilliQ water and hexadecane. Because coalescence occurred almost completely within the first three minute interval between measurements, any increase in the coalescence rate could not be seen in the development of the Sauter mean diameter.
• Mannoproteins completely inhibited coalescence in the microfluidic chips at 1 g/L. The residence time of the droplets in the coalescence channel was probably insufficient to achieve film drainage within this time.
In the stirred vessel, an increase in the droplet size due to coalescence could be observed due to the much higher residence time in the stirred vessel compared to the microfluidic chip. However, this rate was much too low to reach the expected steady state droplet size within the time of the experiment. As can be seen in Eq. (3), when the stirring rate is decreased with a factor three, the Sauter mean diameter is expected to increase with a factor 3.7. So from the initial steady state droplet size of 100 μm, a new steady state of 370 μm would be expected at 400 rpm.
• Ethanol did not show to have a clear effect on the small droplets in the microfluidic chips, but there was a significant decrease of the number of large droplets. In the stirred vessel, ethanol reduced the increase in the Sauter mean diameter over time. This could indicate that although the experimental conditions in the stirred vessel were chosen to favor coalescence, still significant break-up was occurring, which could be caused by the reduction of the interfacial tension by ethanol. These experiments only studied the effects of single components, so any synergistic effects that could occur in complex fermentation mixtures have not been considered. For instance when electrostatic repulsion is stabilizing the droplets these synergistic effects are important, because the total ionic strength of the solution has to be considered.
Concluding remarks and outlook
The experiments showed that a wide range of fermentation broth components can have a significant effect on coalescence, so most likely some of these components will be present in a fermentation broth. A first indication of whether coalescence will be influenced in a specific fermentation broth can be obtained from interfacial tension measurements. The fermentation broth could also be used to perform coalescence measurements in a stirred vessel to obtain a first insight in whether coalescence will be affected and the severity of the droplet stabilization. Experiments in the microfluidic chips are more suitable to identify the exact components responsible for the droplet stabilization and these could also be used to determine www.biotechnology-journal.com www.biotecvisions.com target concentrations for components in the fermentation broth at which coalescence is not negatively influenced. Besides the components causing the stabilization, the initial droplet size is also of importance. In both type of experiments, an initial droplet size of about 100 μm was used, for which 1.5 h was insufficient to reach a new steady state droplet size with 1 g/L of mannoprotein present. When the initial droplet size is even smaller, one can expect that the required time for droplet growth is even longer. So, from a product recovery point of view, components that retard coalescence are unwanted. Depending on the components causing the stabilization, different measures can be taken to lower or avoid their presence in the fermentation broth. For instance by adapting pretreatment methods (in case of feedstock components) or microbial physiology (in case of surface active components released by the microorganism), by minimizing stress on the microorganisms due to the process conditions or strain engineering. This will result in easier product recovery, which is not only beneficial for advanced biofuel production, but also for all other processes in which a second liquid phase has to be recovered for a fermentation broth, for instance in extractive fermentations.
